The nonambipolarity of the fluctuation-driven particle transport is demonstrated experimentally. Convective radial transport of electrons by fluctuations is found to be significantly stronger than that of ions, leading to a mean fluctuation-driven radial current balanced in steady state by other bipolar particle losses. Fluctuation suppression leads to a sudden disappearance of this current and results in significant modification to the radial electric field. The observed change in the electric field is in good agreement with the measured fluctuation-driven flux. DOI: 10.1103/PhysRevLett.87.195003 PACS numbers: 52.55. Hc, 52.25.Fi, 52.25.Gj A complex interplay between turbulent fluctuations and plasma flows has become a focus in fusion plasma research in the context of particle and energy transport and confinement improvement (for reviews, see, for example, [1, 2] ). This interest is driven mostly by prospects of reducing the turbulent transport and improving the plasma confinement. The effect of the electric field and its radial gradient (shear) on the turbulence-induced transport has been extensively studied both theoretically and experimentally [1, 3] . E 3 B shear flows seem to be responsible for reduction in the turbulent transport, and thus it is very important to understand the physics of the shear flow formation. Among other mechanisms, turbulence itself can generate plasma flows, for example, through the Reynolds stress mechanism [4] or due to the finite-Larmor-radius (FLR) effect [5, 6] . In any case such flow generation would be manifested as the fluctuation-driven radial current J r e͑͗ñ iṼri ͘ 2 ͗ñ eṼre ͒͘, whereñ s andṼ rs are fluctuations of density and radial velocity for electrons (s e) and ions (s i), which can change the radial electric field.
A complex interplay between turbulent fluctuations and plasma flows has become a focus in fusion plasma research in the context of particle and energy transport and confinement improvement (for reviews, see, for example, [1, 2] ). This interest is driven mostly by prospects of reducing the turbulent transport and improving the plasma confinement. The effect of the electric field and its radial gradient (shear) on the turbulence-induced transport has been extensively studied both theoretically and experimentally [1, 3] . E 3 B shear flows seem to be responsible for reduction in the turbulent transport, and thus it is very important to understand the physics of the shear flow formation. Among other mechanisms, turbulence itself can generate plasma flows, for example, through the Reynolds stress mechanism [4] or due to the finite-Larmor-radius (FLR) effect [5, 6] . In any case such flow generation would be manifested as the fluctuation-driven radial current J r e͑͗ñ iṼri ͘ 2 ͗ñ eṼre ͒͘, whereñ s andṼ rs are fluctuations of density and radial velocity for electrons (s e) and ions (s i), which can change the radial electric field.
In this Letter we report the first measurements of the nonambipolar fluctuation-driven particle flux and demonstrate its effect on the radial electric field and the particle confinement. The results suggest that fluctuations can dramatically affect the structure of the radial electric field.
Poisson's equation relates the time rate of change of the radial electric field E r with all the flux processes that might generate a radial current [2] :
where´Ќ represents the perpendicular dielectric constant and the summation over k is to represent all transport processes in the plasma. These may include neoclassical diffusion, ion orbit loss (substantial in the reported experiments), and fluctuation-driven transport, among others. The condition of quasineutrality for a plasma requires that the total particle flux is ambipolar. A particular process k can be said to be ambipolar if G k e G k i . However, the quasineutrality of the plasma does not require that each particular process be ambipolar: a bipolar contribution from one process can be balanced by one (or more) bipolar components from another process.
To test the ambipolarity of the fluctuation-driven fluxes, we propose a technique to independently estimate the two fluxes for the ions and electrons. We perform the experiments on the H-1 heliac [7] . H-1 is a three-field period toroidal heliac with major radius R 0 1.0 m and mean minor radius a ഠ 0.2 m. Plasma is produced in argon at low magnetic fields (,0.2 T) using less than 100 kW of rf power. Typical plasma parameters are n e ϳ 1 3 10 18 m 23 , T e ϳ 10 eV, T i ϳ 40 eV, and ion gyro radius r i $ 0.2a [8] .
Mach (or paddle) probes are often used to provide information about plasma flow velocities [9, 10] . In the case where the characteristic probe dimension r p is less than r i , the Mach probe is referred to as "unmagnetized." This is the situation for the following experiments on H-1, where r i ϳ 6 cm and r p , 0.5 cm. A theory suitable for unmagnetized Mach probes has been described [11] ; however, it is applicable only for T i , T e . This condition is in general not satisfied in H-1; however, the theory is readily extended to cover this. An expression relating the ratio of the upstream (I 1 s ) and downstream (I 2 s ) ion saturation currents R I 1 s ͞I 2 s to the ion drift velocity is given by [12] 
where q is the ion charge, m is the ion mass, V ti is the ion thermal velocity, the bar represents time-averaged quantities, and the tilde represents fluctuating quantities. Since the Mach probe is unmagnetized, it may be oriented to be sensitive to the ion radial velocity V ri and its fluctuationsṼ ri . This provides an independent estimate for the ion fluctuation-driven flux G To estimate the two species fluctuation-driven fluxes we require T e , T i , andẼ p . The ion temperature has been estimated using a retarding field energy analyzer [8] . Alternatively, an estimate of the local time-averaged density n e , which is obtained using the multichannel spectroscopy diagnostic [13] , allows an estimate of T i directly from the ion saturation currents, since I s ϳ n e p T e 1 T i . Either method allows the ion thermal velocity V ti required for Eq. (2) to be determined. Both methods give reasonable agreement.
Triple probes provide a measurement of T e and the plasma potential f p [14] . The poloidal electric field is estimated from two poloidally separated triple probes as E p ͑f p2 2 f p1 ͒͞Dy, where Dy 30 mm is the distance between the probes.
To measure all the necessary quantities to independently estimate the two fluctuation-driven fluxes, we require a probe complex (see Fig. 1 ). This probe consists of a radial Mach probe surrounded in the poloidal direction by two triple probes. Simultaneously we measure the radial electric field using a "fork" probe. It consists of two triple probes constructed similarly as the probe in Fig. 1 , but separated radially (rather than poloidally) by Dr ϳ 15 mm. The radial electric field is determined as E r ͑f r1 2 f r2 ͒͞Dr. Plasma fluctuations are dominated by coherent, low frequency ( f ϳ 5 50 kHz) pressure-gradientdriven resistive MHD modes and spectra may be found in Ref. [15] . Probe signals are digitized at 1 MHz, well above the observed fluctuation activity.
All five probes are radially and poloidally aligned using the electron beam mapping technique. Here we use the advantage of the stellarator vacuum magnetic structure.
Figure 2(a) shows the chord averaged density as measured by the 2 mm interferometer during an argon dis- charge with a spontaneous transition from low (L) to high (H) confinement modes [8] . In Fig. 2(b) , the radial profile of the ion saturation current obtained in the L (triangles) and H (diamonds) modes is shown. One can see that the density rises considerably from L to H modes and that the gradient in the outer regions steepens. Figure 2 (c) shows the root mean square (rms) of the fluctuations in the ion saturation current obtained in the L (triangles) and H (diamonds) modes. Fluctuation levels drop by more than a factor of 10 from the L to the H mode in the region of maximum fluctuation level.
In our experiments, we find that the major contribution toṼ ri comes fromR. Under most conditions, R has a time average
4).
We find that the fluctuating ion radial velocity in the region of maximum density fluctuations is up to 10 times smaller than the measuredẼ 3 B drift. For example, at r͞a ϳ 0.4, the rms of the fluctuating ion radial velocity is less than 200 m͞s, while the correspondingẼ p ͞B t is more than 2 km͞s. Not surprisingly, the inferred estimates for the two fluctuation-driven fluxes also differ significantly in this region, as shown later in the Letter. In other words, the fluctuations produce a flux that is nonambipolar. This nonambipolarity of the fluctuation-driven fluxes leads directly to a radial current being produced. Strictly speaking, the fluctuation-driven fluxes that we measure are local fluxes, which could arguably be different from the flux-surface-averaged fluxes. Nonetheless, measurements at other toroidal and poloidal locations reveal the same tendency. The fluctuating ion radial velocity (and subsequently the ion fluctuation-driven flux) remains substantially smaller than the electron counterpart does.
Existence of the radial current driven by fluctuations suggests that the physical mechanism leading to the confinement transitions from the L to the H mode in H-1 should be revised. In this case, the picture that fluctuations are suppressed, transport is reduced, and confinement improves is not quite applicable, since turning fluctuations off predominantly affects the electron flux.
Consider what must occur during a spontaneous transition from low to high confinement modes as in Fig. 2(a) . Prior to the transition, the plasma is in steady state and Poisson's equation becomeś
where 
This may be solved to estimate the change expected in the radial electric field in going from the low to the high mode across the transition. orbits cross the last closed flux surface and are therefore readily lost in this region. The electric field in the quiescent high mode is also shown in Fig. 3(b) , plotted with squares. In this mode, the electric field develops a substantial shear throughout the outer two-thirds of the plasma. The dashed profile in triangles in Fig. 3(b) shows the L-mode radial electric field E r ͑L͒ plus the contribution DE r expected from the suppression of the nonambipolar anomalous flux, according to Eq. (4). This expected E r ͑L͒ 1 DE r and the measured H-mode radial electric field E r ͑H͒ are in good agreement. This is consistent with the fact that the fluctuation-induced fluxes are nonambipolar and lead to a radial current. In particular, the observed DE r (positive in the inner region, negative in the outer region) agrees with the direction of the anomalous fluxes. When the plasma is dynamically readjusting itself from the low to the high mode, the balance is lost and the radial electric field changes accordingly. During the change in E r , other plasma transport processes also adjust as a result of E r , and they eventually establish a new balance in the H mode.
In this picture, the causality of the spontaneous L-H transition [like the one shown in Fig. 2(a) ] should be as follows. Close to the threshold conditions for the suppression of the fluctuation-driven transport, E r (or its shear) dynamically increases [16] ; the nonambipolar G AN (or, in fact, the turbulent-driven radial current) is reduced, leading to a further increase in E r shear. This E r shear reduces ion orbit loss, as shown in simulations [17] , leading to the improved confinement and peaking in the density profile.
It has been noted [2] that the flux driven by electrostatic fluctuations in the plasma can be nonambipolar. Several mechanisms can lead to this nonambipolarity. For example, FLR effects [5, 6] reduce the ion radial velocity. In particular, the electric field is averaged out over the ion gyro orbit and so the E 3 B drift is reduced tõ
The FLR effect slows down ions such thatṼ ri ,Ṽ re and, therefore, the fluctuation-driven fluxes become nonambipolar. In the region of maximum density fluctuations, k p ϳ 20 m 21 , and the ion Larmor radius is r i ϳ 6 cm. The reduction due to FLR effects, from Eq. (5), should be less than 40%, although for higher k p the effect will be stronger. It appears that FLR alone is not sufficient to account for the observed reduction of V ri , and other damping mechanisms must be present.
The polarization drift,Ṽ p ͑M͞eB 2 ͒ ͑dE r ͞dt͒ is of similar magnitude to the E 3 B velocity in our experiments and can also lead to the nonambipolarity in the turbulent particle flux [5] . Because of the difficulty in determining the phase of dE r ͞dt from the experimental signals, it is not possible for us to quantify its contribution to the ion velocity reduction.
The nonambipolarity of the fluctuation-driven particle transport reported here can also be due to the damping of the large-scale (k p ϳ 10 20 m 21 ) E 3 B flows of ions. It has been reported previously [8] that mean poloidal ion flows in H-1 are also heavily damped. Magnetic pumping processes have been shown to be responsible for the flow damping in toroidal devices [18] . This effect is expected to be particularly strong in H-1, which has a very high magnetic field ripple along the field line,B ϳ ͑0.4 0.5͒ jB 0 j. From this point of view, it is not surprising that the time-varying fluctuation-driven flows are also strongly damped.
A reduction in one of the fluctuating velocities is not the only way to generate a nonambipolar fluctuation-driven flux. Fluctuations can induce Reynolds stress, and this is known to generate flows [4] . Experimental measurements of the Reynolds stress in stellarators [19, 20] have been shown to be comparable to the mean flow acceleration. One can attribute the radial current associated with the nonambipolarity of the fluxes as the driving mechanism of the flow. In our measurements, we can estimate the effective radial current due to the Reynolds stress as [4] J r m i n e eB
We estimate the contribution from the Reynolds stress using fluctuating ion velocities in both radialṼ ri and poloidalṼ pi directions measured with radially and poloidally oriented Mach probes (not simultaneously). The current calculated from (6) This Letter presents the first experimental confirmation of the possibility of nonambipolar fluctuation-driven flux. Individual estimates of the electron and ion fluctuationdriven fluxes are made in this Letter to make the comparison. The ion fluctuation-driven flux is determined using a radial Mach probe, while the electron fluctuation-driven flux is assumed to be due to theẼ 3 B drift. The fluctuating radial ion velocity is considerably smaller than the corresponding electron quantity, and subsequently the fluxes are found to be nonambipolar. It is shown that the modification of the radial electric field from the low to the high mode is consistent with the suppression of the radial current in the region where the fluctuation transport is maximal. Therefore, fluctuations are shown to directly affect the structure of the radial electric field.
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